The antennal sensilla of Myzus persicae were mapped using scanning and transmission electron microscopy. Placoid sensilla and coeloconic sensilla were found on the 6th segments, whereas 2 types of trichoid sensilla were present all through the length of the antenna. A single sensillum placoideum was located on the 5th segment, whereas alate aphids also presented placoid sensilla on the 3rd antennal segment. Immunocytochemical localization of odorant-binding proteins (OBPs) was performed on ultrathin sections of antennal chemosensilla. The antiserum against OBP7 intensively labeled all placoid sensilla from both primary and secondary rhinaria, with gold granules concentrated in the lymph surrounding the dendrite. OBP6 and OBP3 could also be detected in placoid sensilla, but less strongly than OBP7. Barely significant reaction or no reaction was observed with antibodies against OBP8.
Introduction
Aphids are among the most devastating pests, responsible for enormous economical losses in agriculture worldwide. Apart from their direct damage to the plants, aphids transmit infectious viruses that threaten the life of the plant. So far, there is no alternative to insecticides to control the populations of these insects, but green approaches that could be respectful of the environment are highly sought after. An important target, in this respect, is the olfactory system and research in this field is rapidly developing. The recent sequencing of the genome of the pea aphid Acyrthosiphon pisum (The International Aphid Genomics Consortium 2010) has paved the way to biochemical investigation of the olfactory system with the aim of understanding the mechanisms of chemical communication between aphids, and, using such knowledge, in devising strategies for population control alternative to the use of insecticides.
It is well known that the antenna is the most important olfactory organ for perceiving odorant stimuli in insects. In aphids, the antennal olfactory sensilla have been classified on a morphological basis into primary rhinaria, constituted by an assembly of several sensillum types, secondary rhinaria, which are in fact sensilla placoidea, and trichoid sensilla (Wang and Huber 1976; Dunn 1978; Shambaugh et al. 1978; Zhang and Zhang 2000) . Primary rhinaria are located on the 5th and 6th segments of the antenna, whereas secondary rhinaria occur between the 3rd and the 5th segment (Zhang and Zhang 2000) . Two distinct types of trichoid sensilla have been reported on aphid antennae. Those of type I occur along the whole length of the antenna, from the base to 6th segment, whereas those of type II, usually with short, blunt tips, are found along the processus terminalis and crown the tip of the antenna (Bromley et al. 1980) .
Although 79 genes encode olfactory receptors and 77 encode gustatory receptors in the pea aphid genome (Smadja et al. 2009 ), the number of odorant-binding proteins (OBPs) and chemosensory proteins is much smaller, 15 and 13, respectively (Zhou et al. 2010; Sun et al. 2012; Zhong et al. 2012 ). This fact is quite surprising if related to recent findings indicating that OBPs and receptors might work in tandem to decode the chemical messages of odorants and pheromones at the peripheral level (Xu et al. 2005; Matsuo et al. 2007; Laughlin et al. 2008; Forstner et al. 2009; Swarup et al. 2011; Sun et al. 2012) . In any case, the olfactory system of aphids is relatively simple at the OBP level and therefore easy to study and model. Moreover, it is noteworthy that OBPs are very well conserved across aphid species (Qiao et al. 2009 ), making the biochemical work easier and the results transferable between species. This phenomenon, unusual among insects, could be related to the fact that most aphid species share the same pheromone components. Sex pheromones, in fact, are composed of blends of nepetalactone and some nepetalactols, in different proportions according to species. The other important semiochemical, the alarm pheromone, is (E)-β-farnesene for a large number of aphid species (Bowers et al. 1972; Dewhirst et al. 2010) .
Although biochemical research on the olfactory system of aphids is rapidly progressing, information at the anatomical level is still scanty and fragmentary. This work investigates the function of antennae in peach aphids Myzus persicae by studying the distribution and the fine structure of chemosensilla and mapping the expression of OBPs in such sensilla.
Materials and methods

Insects
Peach aphids M. persicae (Sulzer) were obtained from cultures maintained at the Department of Entomology, China Agricultural University and reared in the laboratory at 16-18 °C, 60-70% relative humidity, and photoperiod of 18:6 h light:dark.
Scanning electron microscopy
For scanning electron microscopy (SEM), the antennae were fixed in 70% ethanol for 2 h, then cleaned in ultrasonic bath (250 W) for 1 min in the same solution. After treatment with 100% ethanol for 30 min, the samples were dried in air. The antennae were mounted on holder and, after gold coating, were examined in a HITACHI S570 or FEI Quanta 200 SEM.
Transmission electron microscopy
Antennae for transmission electron microscopy (TEM) were excised and fixed for 24 h with paraformaldehyde (4%) and glutaraldehyde (2%) in 0.1 mol/L phosphate buffer solution (PBS) pH 7.4, followed by dehydration in an ethanol series. The samples were embedded in LR White resin through mixtures of 2:1, 1:1, and 1:2 of 100% ethanol and LR White resin, then kept in pure LR white resin overnight at 4 °C.
Polymerization was accomplished at 30 °C for 6 h; 50 °C for 6 h, and at 60 °C for 24 h in tightly closed gelatine capsules filled completely with the resin monomer. Ultrathin sections were cut with a diamond knife on a Leica EM UC6 and mounted on Formvar-coated grids. The specimens were observed in a HITACHI H-7500 TEM.
Immunocytochemistry
For immunocytochemistry, the grids were subsequently floated, each time for 5 min, on 25-µL droplets of the following solutions, along with a procedure adapted from Steinbrecht et al. (1992) : twice with PBS containing 50 mmol/L glycine (PBG), twice with PBS containing 0.2% gelatin, 0.5% bovine serum albumine, and 0.02% Tween-20 (PBGT), then overnight at 4 °C in primary antiserum in PBGT. This treatment was followed by 6 washings with PBGT, incubation for 1 h in secondary antibody in PBGT at room temperature, 2 washings with each of the following solutions: PBGT, PBS glycine, PBS, and water. Each washing step was performed for 5 min. Silver intensification (Danscher 1981) was also performed to increase the size of the gold granules from 10 to 40 nm, followed by treatment with 2% uranyl acetate to increase the tissue contrast in TEM.
In this study, we have used antisera against OBPs 3, 6, 7, and 8 of A. pisum (Qiao et al. 2009; Sun et al. 2012 ; gene accession number for the proteins-OBP3: ACYPIG117886, OBP6: ACYPIG250873, OBP7: ACYPIG658982, OBP8: ACYPIG938564), raised in the laboratory of Paolo Pelosi, University of Pisa. The primary antiserum was used at dilutions between 1:500 and 1:4000, at 4 °C overnight. In the controls, the primary antiserum was replaced by a serum from a healthy rabbit at the same dilution. Secondary antibody was antirabbit IgG, coupled to 10-nm colloidal gold (AuroProbeTM EM, GAR G10, Amersham) diluted 1:20. Immunocytochemical labeling was done on sections of alate adults of M. persicae (Sulzer). Image analysis (i.e., measurement of area and number of particles) was performed with Image J (developed at the US National Institutes of Health).
Results
The antennae of aphid M. persicae are positioned just below the compound eyes and consist of 6 parts: a scape, a pedicel, and flagellum ( Figure 1A) , with a total length of 1.5 mm. The flagellum accounts for more than 80% of the total length of the antenna and is composed of 4 subunits, named FL1-FL4.
Peach aphids present primary rhinaria on the 5th and 6th segments of the antennae. The primary rhinarium on the 6th segment consists of 1 large placoid sensillum, 2 smaller ones, and 4 coeloconic pegs ( Figure 1B) . The primary rhinarium on the 5th segment is a single large placoid sensillum similar to that on 6th segment ( Figure 1D ). In alate peach aphids, numerous secondary rhinaria (placoid sensilla) are located on the 3rd segment ( Figure 1F ). The 4 coeloconic sensilla are classified into 2 types according to their terminal projections. Furthermore, trichoid sensilla are distributed along the antennae and at the tip and are classified into 2 types according to their morphology.
The distribution and the number of different sensilla on the antenna are reported in Table 1 . We have investigated the expression of OBPs in the antennal chemosensilla of the aphid M. persicae, using immunocytochemical methods.
Placoid sensilla
The placoid sensilla are flat circular plates, surrounded by a deep ditch. They constitute both the primary and secondary rhinaria of alate aphids, but only the first are surrounded Figure 1F ). In particular, the primary rhinaria on the 6th segment consist of 3 placoid sensilla, 1 large, 2 much smaller ( Figure 1B,C) , whereas on the 5th segment there is a single placoid sensillum ( Figure 1D) . The large placoid sensillum on the 6th segment is approximately 15-20 µm in diameter and similar to the one on the 5th segment, whereas the small placoid sensilla on the 6th segment are about 3-6 µm wide. Many pores are present on the surface of the sensilla ( Figure 1E ) that perforate the outer cuticle.
Coeloconic sensilla
Four coeloconic sensilla are found on the 6th segment of the antenna. They are typical peg-in-pit sensilla, characterized externally by a round aperture with a diameter of 5-8 µm ( Figure 1B) . The peg is 1-3 µm long and is oriented perpendicularly to the external opening (Figure 2A,B) . The peg terminates in many cuticular projections and exhibits a range of different shapes (Figure 2A,B) . According to the terminal projections, these coeloconic sensilla are divided into 2 types.
The pegs in coeloconic sensilla of type I taper from 1.1 µm diameter at the base to 0.6 µm in the tip region, and the tip of the peg is characterized externally by a crown of 8 cuticular projections (Figure 2A) .
Sensilla coeloconica of type II exhibit a more complicated morphology with the peg ending with a varying number of cuticular projections, usually much more than 8 cuticular projections ( Figure 2B ).
Trichoid sensilla
Trichoid sensilla of type I are found along the whole antenna, from the base to the 6th segment. The hair presents a swollen tip and the base of the hair forms an ovalshaped plate, inserted into a ring-shaped socket. Type I hairs are approximately 8 µm long and 1.2 µm wide ( Figure 1G ). The antennal tip of peach aphid bears 4 sensilla of Type II ( Figure 2C ). This kind of hair presents a blunt tip and a finger-like pore slit ( Figure 2D ). Type II hairs are approximately 4-5 µm in length and 0.8 µm in width ( Figure 2C,D) .
Immunolabeling of OBPs
Immunocytochemical experiments showed that only sensilla placoidea are labeled by OBPs antisera, whereas both sensilla coeloconica and sensilla trichodea could not be stained by any antiserum.
The distribution of OBPs and the relative labeling density in different sensilla placoidea are summarized in Table 2 .
The antiserum against OBP7 of A. pisum specifically and strongly labeled sensilla placoidea. The gold granules are predominately concentrated between the outer and the inner cuticle, in the wall pore beneath the cuticle.
Labeling of placoid sensilla in primary rhinaria showed high grain densities ( Figure 3B ,C), most abundant in the sensilla on the 5th segment from the base, with a grain density of 150 grains/µm 2 when the primary antiserum was used at 1:1000 ( Figure 3B ). In contrast, labeling of placoid sensilla of secondary rhinaria was weaker, rarely exceeding grain densities of 60 grains/µm 2 when the antiserum was used at the same dilution of 1:1000 ( Figure 3A) .
The lymph of placoid sensilla was also labeled specifically by the antiserum against OBP6 ( Figure 3D-F) , with a grain density of at least 30 grains/µm 2 . The antiserum against OBP3 also showed weak, but significant staining specifically in the placoid sensilla of the 5th antennal segment from the base ( Figure 3H ). Finally, very weak and barely significant labeling was observed with the antiserum against OBP8 in the sensilla placoidea of the 3rd segment (not shown).
The small placoid sensilla on the 6th segment were also labeled by both OBP7 and OBP6 antisera, mainly in the sensillum lymph surrounding the dendrites, just as in those of large placoid sensilla ( Figure 4A-C) .
Discussion
Types of sensilla on the antennae
Published data on the ultrastructure of placoid sensilla revealed the presence of multiple pores on the surface of the outer cuticle (Bromley et al. 1979 ), which we also observed using SEM. The ultrastructure of these sensilla in aphids also indicates that they are typical olfactory chemoreceptors (Steinbrecht 1984) . Electrophysiological recordings from placoid sensilla in other insects, such as the parasitic wasp Microplitis crocepes (Hymenoptera) (Ochieng et al. 2000) and the scarab beetle Phyllopertha diversa, Anomala cuprea Larsson et al. 1999) , indicated that these are indeed olfactory receptors. Such evidence has also been provided in aphids (Wohlers and Tjallingh 1983; Park and Hardie 2004) .
Despite the diversity in size, color, and shape among aphid species, they share a similar primary rhinarium, suggesting a common role for this structure. In fact, it has been reported that these sensilla are involved in the perception of the alarm pheromone (Nault et al. 1973; Wohlers and Tjallingh 1983) . Once the primary rhinarium on the 6th antennal segment was excised or shielded, the response of Aphis glycines to (E)-β-farnesene was drastically reduced (Nault et al. 1973; Shambaugh et al. 1978; Du et al. 1995) . However, more electrophysiological studies are necessary to clarify the function of placoid sensilla in the primary rhinarium.
The placoid sensilla present in the secondary rhinaria are similar to those of primary rhinaria in their external morphology and internal ultrastructure, indicating again a chemosensory function.
In alate aphids, the secondary rhinaria on the antenna are much more abundant than in apterous insects, suggesting that these structures might be involved in host location and mate selection. In fact, aphids change host plant and mate, and only in such occasions they acquire wings, which later are lost. The secondary rhinaria in alate females could be responsible for detecting plant volatiles when aphids change their host plant (Pickett et al. 1992) .
The number and the distribution of the secondary rhinaria show also great variability between different forms of peach aphids. Secondary rhinaria are more abundant in males compared with both gynoparae and alate virginoparae, suggesting a function in sex pheromone detection (Pettersson 1971; Marsh 1975; Eisenbach and Mittler 1980; Anderson and Bromley 1987) . This hypothesis is supported by electrophysiological recordings (Dawson et al. 1990 ).
Coeloconic sensilla have been reported in the literature to be involved in thermo-/hygroreceptive functions both in Lepidoptera and Diptera, on the basis of behavioral and electrophysiological evidence (Sutcliffe 1994) .
Two types of trichoid sensilla are present on the antennae of aphids, neither involved in olfaction. Those of type I are mechanoreceptors, whereas those of type II are contact chemoreceptors (Bromley et al. 1980) .
Immunocytochemical localization
Immunocytochemical experiments showed that neither sensilla coeloconica nor sensilla trichoidea could be stained by any antiserum against OBPs, confirming the functions indicated in the literature for such type of sensilla. All kinds of placoid sensilla are strongly labeled by antibodies against OBP7 and significantly labeled by those against OBP6. The distribution of such immunoreactivity supports a chemosensory function for OBP6 and OBP7.
The alarm pheromone, (E)-β-farnesene, is released by most aphid species in the presence of danger and induces other individuals to immediately abandon the place. A recent study suggests that OBP7, together with OBP3, is involved in the perception and the consequent behavioral response to (E)-β-farnesene and other repellents in both M. persicae and A. pisum (Sun et al. 2012) . Our data show that OBP7 is predominately expressed in the sensilla placoidea, further supporting the role of OBP7 in detecting (E)-β-farnesene.
It is noteworthy that OBP7, OBP6, and OBP3 colocalize in the same sensilla. The phenomenon of sensilla expressing more than 1 OBP was first discovered in Drosophila (Hekmat-Scafe et al. 1997 ) and later in moths (Maida et al. 2005 ) and in mosquitoes (Qiao et al. 2011) . In aphids, such phenomenon is less surprising, as there are only few types of sensilla in these insects. The ultrastructure of placoid sensilla supports this view, showing that the sensory neurons are bundled in groups, each group responding to different stimuli, as reported in other insects (Ma and Visser 1978; Romani and Stacconi 2009) .
In summary, our immunocytochemical experiments show that only placoid sensilla are labeled by OBP antisera, confirming the literature data that other types of sensilla, such as sensilla trichoidea and sensilla coeloconica, might react to other stimulus modalities, such as mechano/hygrosensing or contact chemodetection. Figure 3 Immunocytochemical localization of OBP7, OBP6, and OBP3 in sensilla placoidea on the antennae of peach aphid. The antiserum against OBP7 of A. pisum intensively labeled all placoid sensilla from both primary (B, C) and secondary rhinaria (A), with the gold granules predominately concentrated between the outer and the inner cuticle, in the wall pore beneath the cuticle. OBP6 could also be detected in placoid sensilla (D-F), but weaker than OBP7. The antiserum against OBP3 also showed weak, but significant staining specifically in the placoid sensilla of the 5th antennal segment (H), but barely significant labeling in the other placoid sensilla (G, I). Scale bar 2 µm.
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Finally, we can observe that the structure of the olfactory system in aphids follows a pattern markedly different from those of most insects so far studied, where each sensillum responds to a selected number of stimuli. Instead, in aphids, and perhaps in other primitive insects, each placoid sensillum, which contains a relatively large number of neurons and several OBPs in its lymph, could represent the equivalent of the vertebrate nose, where all the olfactory dendrites are bathed in the same mucus containing all the OBPs. 
